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Single photon laser enabled Auger decay (spLEAD) has been redicted theoretically [Phys. Rev.
Lett. 111, 083004 (2013)] and here we report its first experimental observation in neon. Using coher-
ent, bichromatic free-electron laser pulses, we have detected the process and coherently controlled
the angular distribution of the emitted electrons by varying the phase difference between the two
laser fields. Since spLEAD is highly sensitive to electron correlation, this is a promising method for
probing both correlation and ultrafast hole migration in more complex systems.
When isolated atoms or molecules are excited, they re-
lax to their ground state in two ways: via nuclear motion
or electronically, and two possible ways of releasing elec-
tronic energy are by radiation and by Auger decay. The
Auger process [1, 2] first reported by Lise Meitner, has
played an important part in modern physics, particularly
surface science, because it is by far the strongest decay
channel for core holes of light elements such as carbon,
nitrogen and oxygen. However, for ionization of some
inner valence levels of atoms and molecules, the Auger
process is energetically forbidden, because the energy of
the doubly ionized final state is higher than the energy
of the initial ion.
It was predicted some time ago that such states could
decay by the novel process of Interatomic/Intermolecular
Coulombic Decay (ICD) [3], if the excited or ionized
species was weakly bound to its environment. In this
process, the final state of the system contains two pos-
itive charges, but the charge is distributed between the
original atom or molecule and its neighbor, thus lowering
the energy because the Coulomb repulsion between the
charges is reduced. This prediction led subsequently to
intense research activity, with many new discoveries re-
ported, as it was found that ICD and its variants could
occur in many different ways [4–9].
Another recently reported exotic electronic decay pro-
cess is Laser Enabled Auger Decay (LEAD) [10]. Like
ICD, LEAD is a new decay mode of excited states, and
both mechanisms depend on the environment of the atom
or molecule: in one case neighboring neutral atoms or
molecules, and in the second case, the surrounding pho-
ton field. LEAD was observed for 3s ionized argon which
normally decays by fluorescence [10]. In the presence
of a strong infrared field, the ion can absorb multiple
photons and decay to a doubly 3p ionized state. An-
other class of LEAD, single photon LEAD (spLEAD),
has been theoretically predicted [11] but so far has never
been observed. Because spLEAD relies on electron cor-
relations, it can potentially provide novel information
such as correlation-induced ultrafast hole migration in
molecules [11–13].
In this work, we report the first observation of
spLEAD, and moreover we show that the emission can be
coherently controlled. The process itself can be viewed as
a control of the decay of the ion by the laser field. With
coherent control, we also manipulate the angular distri-
bution of the emitted Auger electrons using the relative
phase of the ionizing and enabling laser beams.
The processes studied are illustrated graphically in
Fig. 1. The spLEAD takes place for the 2s-hole state
in Ne+:
2s12p6 + ω → 2s22p4(1S,1D) + e− . (1)
Within LS coupling, only the 1S and 1D final states are
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2FIG. 1: Schematic diagram for ionization of Ne 2s22p5. Cen-
ter: initial state. Left (blue arrows): (1) the spLEAD process
follows (2) absorption of one ω photon; Right (red arrows):
direct ionization by 2ω process (3).
allowed in spLEAD even though the 2s22p4 configura-
tion can, in principle, couple into the 3P term. This is
because the 2s12p6 is in the S state and the Auger elec-
tron emitted from the 2p orbital is in the s or d state
before the photoabsorption step leading to spLEAD.
The 2s-hole state is prepared by absorption of a single
photon by the ionic ground state 2s22p5 2P3/2 of Ne
+:
2s22p5 + ω → 2s12p6, (2)
where ω = 26.91 eV is tuned to the energy difference be-
tween 2s22p5 and 2s12p6. In addition, we simultaneously
ionize the ground state 2s22p5 of Ne+ by the phase-locked
second harmonic 2ω (53.82 eV) to access all of the 1S,
1D and 3P final states, Ne2+ (Fig. 1, right):
2s22p5 + 2ω → 2s22p4(1S,1D,3P ) + e−. (3)
The 2s22p5 ionic states can be directly ionized by process
(3), or indirectly by processes (2) and (1) (Fig. 1, left):
2s22p5 + ω + ω → 2s12p6 + ω (4)
→ 2s22p4(1S,1D) + e−.
The key point is that the two light pulses ω and 2ω are
phase coherent. As a result, the two paths (3) and (4) to
the same final states 1S and 1D interfere, but only path
(3) leads to 3P , so no interference occurs.
To investigate the spLEAD process exhibited in Fig. 1,
we chose to use the recently demonstrated capability of
the FERMI light source to produce intense bichromatic
radiation with controllable phase [14]. We provided con-
ditions in which there are two quantum paths to a photo-
electron state with a defined linear momentum, and we
coherently controlled these quantum paths. With this
approach, we observed a signal proportional to the am-
plitude, rather than intensity, of the quantum processes.
This approach brings considerable advantages when de-
tecting a weak signal with a strong background [15].
We illustrate here how the spLEAD emission can be
coherently controlled and detected in the photoelectron
angular distribution (PAD), using that of the 1S final
state as an example. Process (4) emits a p wave electron
while process (3) is assumed to emit mainly a d wave
electron, by the Fano propensity rule [16]. The angular
distribution can then be written as:
I(θ, φ) ∝ ∣∣Y20(θ, φ)eiη +√c Y10(θ, φ)eiδpd ∣∣2 , (5)
where Ynl(θ, φ) denote spherical harmonics, and c( 1) is
proportional to the intensity of the spLEAD path (4) rel-
ative to the direct photoionization (3), δpd is their phase
difference, and η is the ω − 2ω relative phase. Note that
the relative intensity enters the equation as the term
√
c,
that is, as the relative amplitudes of the two coherent
beams. Then the asymmetry of the electron emission,
defined as the difference between the emission in one
hemisphere (0 < θ < pi/2) and the other (pi/2 < θ < pi),
divided by the sum, is expressed as
A(η) =
√
15
4
√
c
1 + c
cos(η − δpd). (6)
This oscillates as a function of the relative phase η be-
tween the two harmonics, and its amplitude is approxi-
mately
√
c( c) instead of c.
The experiment was performed at the Low Density
Matter beamline [17] of FERMI. The sample consisted
of a mixture of neon and helium (for calibration pur-
poses) and was exposed to a bichromatic beam of tem-
porally overlapping first and second harmonic radiation
with controlled phase relationship [14]. In the present
experiment, the FEL fundamental wavelength was gen-
erated by tuning the sixth undulator of the radiator to
the 5th harmonic of the seed wavelength (230.4 nm). The
second harmonic of the FEL was generated by tuning the
first five undulators to the 10th harmonic of the seed, giv-
ing rise to bichromatic phase-locked pulses. The photon
energies were ω = 26.91 eV and 2ω = 53.82 eV; where ω,
as stated, was equal to the difference in energy between
the 2s22p5 and 2s12p6 Ne+ ionic states (see Fig. 1). The
light was focused to a spot size of approximately 5 µm
FWHM. The calculated pulse durations were 75 fs for
the first and 60 fs for the second harmonic.
Under the above conditions, the kinetic energies of the
photoelectrons emitted by the fundamental ω = 26.91
eV (from the 2p sub-shell) and by the second harmonic
2ω = 53.82 eV (from the 2s sub-shell) are identical. Fur-
thermore, similar ionization rates of 2p by the fundamen-
tal (ω) and 2s by the second harmonic (2ω) were set. Sin-
gle ionization generates our sample, which is a mixture
of 2s22p5 and 2s12p6 Ne+ ions formed by three different
processes: 2p ionization by ω:
2s22p6 + ω → 2s22p5 + e−, (7)
2p ionization by 2ω:
2s22p6 + 2ω → 2s22p5 + e−, (8)
3FIG. 2: (Color online.) Electron kinetic energy spectra of
atomic Ne irradiated by ω = 26.91 eV and 2ω = 53.82 eV
(dashed blue curve) and 2ω only (continuous red curve).
and 2s ionization by 2ω:
2s22p6 + 2ω → 2s12p6 + e−. (9)
These ionic states, which are our target initial states of
processes (1)-(4), are independent and have no quantum
phase relationship.
The Ne-He mixture was introduced into the experi-
mental chamber using a pulsed valve (Parker model 9,
convergent-to-cylindrical nozzle with flat aperture of 250
micron diameter) at room temperature. Helium was
added as a calibrant and as a cross-check for spurious
artefacts. The electron spectra were measured using a
velocity map imaging (VMI) spectrometer, and the spec-
tra reconstructed from the raw data using the pBASEX
algorithm [18].
The spectrum (at fixed relative phase) is shown in Fig.
2, together with the line assignments. Several features
are present in the spectrum, of which the most prominent
are the single-photon emission of 2p and 2s electrons at
5.3 eV (by ω and 2ω respectively; the photoelectrons have
the same kinetic energy), single photon ionization of 2p
by 2ω (32.2 eV), and emission corresponding to doubly
ionized Ne2+ final states 1S, 1D and 3P .
In principle, spLEAD may be observed directly as an
increase in the photoelectron yield of the 1S and 1D final
states when the ω field is applied, Eq. 4. However, the
increase (∼ 0.05% in the present case from the estimation
described below) is too small. Indeed, within experimen-
tal error, the intensities of the 1S and 1D peaks in Fig. 2
did not change when the first harmonic was added. In the
PAD, however, we observed an oscillation of the asym-
metry A(η) as a function of phase difference between the
harmonics, see Fig. 3. Note that the zero of the relative
phase is not absolute, but has an arbitrary offset. We
observe strong modulation of the 2p4 1S and 1D states
as a function of phase, while the 3P state shows much
weaker or negligible modulation. The helium and neon
single ionization peaks show no effect, as expected. The
FIG. 3: Asymmetry A(η) of photoelectron angular distri-
butions corresponding to final ionic states1S, 1D and 3P of
Ne2+, as a function of phase shift between first and second
harmonics. The asymmetry A(η) is defined as the ratio be-
tween the difference and the sum of the emission in one hemi-
sphere (0 < θ < pi/2) and the other (pi/2 < θ < pi).
oscillation in the PADs indicates that indeed the final
states can be reached from an initial state by more than
one pathway, and that these pathways are coherent.
We note that our measurement belongs to the Brumer-
Shapiro class of bichromatic experiments. In such ex-
periments, the phase-locked first and second harmonics
create two quantum paths for the emission of a photo-
electron of given momentum, causing interference [19],
for example, by single-photon and two-photon ionization
of the same electron state. The conditions we have cho-
sen also set up interference, but in a quite different way
from the usual Brumer-Shapiro approach. Here the in-
terference appears as a phase dependent asymmetry of
the PADs as given by Eq. (6).
In order to confirm that the observed oscillations stem
from coherently controlled spLEAD, we estimate the am-
plitudes for the oscillation of A(η) in Fig. 3. We use
the experimental conditions captured in the photoelec-
tron spectra in Fig. 2, and the calculated spLEAD cross
section. From the spectrum in which only the second
harmonic was present (dashed blue curve in Fig. 2), we
extract the intensities of the photoelectron peaks corre-
sponding to processes (3), (8) and (9), as well as the
following process:
2s12p6 + 2ω → 2s12p5(1,3P ) + e− (10)
with electron kinetic energies of 3.85 eV (1P ) and 14.4
eV (3P ). In ion spectra (data not shown), the ratio of
Ne+/Ne2+ was found to be 3.85. This was combined with
the known photoionization cross sections [6.7, 6.8, and
0.3 Mb for (3), (8), and (9), respectively, and estimated
4cross section of 6.8 Mb for (10)], to give an estimate of
the intensity of 2ω of 2.0× 1013 W/cm2. This was done
by solving the rate equations and taking account of the
pulse duration and the spot size given above; Gaussian
temporal and spatial profiles were used. From the spec-
trum (continuous red curve in Fig. 2), where fundamental
radiation ω was added without altering the intensity of
2ω, we again extract photoelectron intensities including
that for process (7). From the intensity ratios of pho-
toelectrons of processes (7)-(9) and known cross sections
for these processes [8.4 Mb for (7)], we estimate the in-
tensity ratio between ω and 2ω to be 1:52, and hence,
the intensity of ω to be 3.8× 1011 W/cm2.
Furthermore, as can be seen in Fig. 2, the addition of
ω leads to a significant enhancement of the overlapping
peak of 2p and 2s photoelectrons for the processes (7) and
(9) respectively, and of the intensity for the process (10).
These observations clearly illustrate that the fundamen-
tal radiation ω indeed enhances the population of 2s12p6
via the 2s-2p hole coupling Eq. (2). From the magni-
tude of the enhancement of the photoelectron peak aris-
ing from the process (10), relative to the photoelectron
peak intensities of the processes (7) and (8), we estimate
the effective probability of process (2) to be 0.065.
The amplitude for the oscillation of A(η) in Fq. (6) is
equal to the amplitude of the spLEAD process (4) rela-
tive to the direct ionization process (2), i.e. :√c in Eq.
(5); both follow practically the same first step ionization
dominated by process (8). The only missing parame-
ter needed to estimate
√
c is therefore the amplitude of
the spLEAD process (1). The estimate of
√
c employing
the spLEAD cross section reported in the literature [11],
however, resulted in
√
c:0.001, roughly one order smaller
than the present observation
√
c:0.02. Our own calcula-
tions including only the static correlations (i.e. configura-
tion mixing in 2s12sp6 2S1/2) are in good agreement with
the literature value. We thus extended the calculations to
include the dynamic correlations (continuum-continuum
coupling) using the the following expression:
M(νf , ν0; ln) =
 ∑
ενn<0
+
ˆ ∞
0
dενn
 dνfνn(ω)Dνnν0ωn0 − ω − iδ .
(11)
Here ν0 is the initial 2s state, νn is an intermediate state
2p4n` or 2p4ε`, ` = 0, 2 and νf is the p or f final state,
ωn0 is the energy difference between the intermediate and
initial state. The Auger decay matrix element Dνnν0(ωj)
is calculated using the computer code described in [20].
The discrete sum in this equation is equivalent to inclu-
sion of the static correlation in [11]. The dipole matrix
elements dνfνn for the continuum-continuum transitions
are singular. Their integration is handled using the nu-
merical recipe [21]
The oscillation amplitudes calculated using these es-
timates are 0.82% for the 1S peak and 1.4% for 1D, in
rough agreement with our observation, 2.40 ± 0.34% for
1S and 2.33 ± 0.18% for 1D. The discrepancy may stem
from the experimental uncertainties and theoretical ap-
proximations involved. Note that here, unlike in Eqs. (5)
and (6), more exact treatments, with inclusion of the
weaker s wave for process (3) and taking account of the
1D final state, are used. The observed oscillations of the
1S and 1D asymmetry show a phase difference of 0.36±
0.14 rad, in qualitative agreement with the predictions
of theory, but significantly smmaller than the calculated
value of 1.27 rad. The discrepancy is most likely due to
the limits of the accuracy with which relative phases and
matrix elements can be calculated.
In summary, we have shown how the technique of co-
herent control can be applied to observe a new phe-
nomenon, spLEAD, which for the present case of neon
is too weak to be observed directly as an intensity en-
hancement. We detected the process by using a method
which depends on amplitude rather than intensity. Fur-
thermore, we manipulated the outcome of the ionization
process, in terms of the emission direction of the pho-
toelectrons. Cooper and Averbukh [11] calculated that
oxygen 2s holes of glycine have a far higher cross-section
for spLEAD, implying detection is much easier. Our re-
sults suggest that spLEAD may be observable as an in-
crease in cross-section for molecules containing oxygen,
which includes many biomolecules. Noting that sudden
creation of the O 2s hole causes ultrafast charge dynam-
ics, our work shows the way to investigating charge dy-
namics not only by the pump-probe methods proposed
by Cooper and Averbukh [11], but also by the sophis-
ticated methods of coherent control. The complex and
ultrafast dynamics of inner-valence hole wavepackets, or
electron correlations, may now be investigated and co-
herently controlled by using the coherence of bichromatic
light with resolution of a few attoseconds.
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